High maize (Zea mays, L.) yields require an adequate supply of N fertilizer. As an alternative, fertilizers with nitrification and urease inhibitors have emerged onto the market to increase N supply to crops. The objective of this study was to determine the effects of urea treated with nitrification and urease inhibitors on plant growth and grain yield. The experiment was performed in a weathered tropical soil, in the 2013/2014 and 2014/2015 crop seasons. Fertilizer treatments were four N levels (0, 50, 100, and 200 kg ha -1 N); three urea treatments (urea with urease inhibi
tor: [N-(N-butyl) thiophosphoric triamide]-NBPT; urea with nitrification inhibitor: (3,4-dimethylpyrazole-phosphate)-DMPP; and conventional urea) and two application strategies (total N applied at sowing; and 30 kg ha -1 N at sowing and the remainder topdressed once plants had four completely developed leaves). Critical levels for chlorophyll index (CI), leaf N concentration, leaf area index (LAI), and N levels were 52.7, 27.5 g kg -1 , 4.3 m 2 m -2 and 110 kg ha -1 , respectively. Addition of inhibitors and split N application did not increase growth, nutrition or yield compared to conventional urea and total N applied at sowing. However, increase of N levels increased grain yield by up to 185 kg ha -1 N. On the other hand, agronomic N use efficiency linearly decreased as N levels increased. It can be concluded that N sources and application strategies were not significant factors in grain yield. Therefore, N from conventional urea might be applied solely at sowing.
Core Ideas
• Untreated urea was as efficient as one treated with NBPT and DMPP.
• Maize yield was similar for split and single N application strategies.
• Critical level and maximum yield were reached at 110 and 185 kg ha -1 N. N itrogen fertilization is necessary to achieve high yields, as soils, in general, do not supply sufficient N to satisfy maize demands (Griffin, 2008) . According to Trenkel (2010) , the main forms of N absorbed by plants are ammonium (NH 4 + ) and nitrate (NO 3 -), which account for 2 to 3% of the total N in the soil. The main N sources used as fertilizers worldwide are urea, ammonium nitrate, and ammonium sulfate. Among these, urea is the most utilized, however, it has been estimated that 5 to 30% of the N in this source can be lost via ammonia (NH 3 ) volatilization, thus affecting crop production (Massey et al., 2011) . Due to the dynamics of N in the soil-plant-atmosphere system, the use efficiency of N fertilizer is low and rarely exceeds 60% of total N fertilizer applied (Grant, 2005) . It is estimated that cereal crops only take up about 30 to 50% of the N applied as fertilizer (Dobermann, 2005; Conant et al., 2013) .
Ammonia volatilization is one of the main pathways for nitrogen loss and greatly contributes to the low N use efficiency of N fertilizers. Globally, up to 70% of applied N fertilizers can be lost as NH 3 ; the greater the levels of fertilizer used, the greater the losses (Modolo et al., 2018) . However, the use of non-urea fertilizers, fertilizer incorporation into the soil and irrigation management can reduce NH 3 volatilization by up to 75, 55, and 35%, respectively (Pan et al., 2016 ).
An option for improving the efficiency of N fertilization is to use urea with additives that may temporarily inhibit its hydrolysis and the action of nitrifying bacteria, so-called stabilized fertilizers (Shaviv, 2005) . Examples of such stabilized N fertilizers include urea mixed with urease inhibitor (NBPT), and urea with nitrification inhibitor (DMPP). Cantarella et al. (2008) and Pan et al. (2016) observed that the use of NBPT reduced N losses by volatilization by 15 to 78% and 54%, respectively. According to Zerulla et al. (2001) , DMPP added to urea at a rate of 0.5 to 1.5 kg ha -1 was sufficient to inhibit the nitrification process for 4 to 10 wk.
In tropical regions, rainfall is concentrated from November to March, and can contribute to N leaching since this is the main crop-growing period. Thus, to increase N use efficiency, it is recommended to split N fertilization, with part of the application performed at sowing and the remainder as a topdressing, at the four-leaf stage (V4) (Sitthaphanit et al., 2009; Lü et al., 2012) . However, some studies conducted on clayey soils have shown that a single application in pre-sowing or split application do not differ in effect (Coutinho Neto et al., 2013) . Thus, a single application could be more economical, since the production costs of the crop are lowered (Trenkel 2010) and there is an increase in operational efficiency. However, in case of crop failure, split application might be more economically viable by reducing the risk of N fertilizer input cost.
The correct management of N fertilization is essential to increase the efficiency of N sources, since it is a nutrient that can easily be lost by leaching and volatilization in the soilplant-atmosphere system. Therefore, the objective of this study was to evaluate the effects of N sources (urea-treated NBPT and DMPP), N rates, and N timing (single vs. split) on plant growth and grain yield. We hypothesized that urea treated with NBPT and DMPP would improve plant growth and enhance grain yield compared to untreated urea in a single application, through increased agronomic efficiency. However, treated and untreated urea applied in a split application were not expected to differ in effects on plant growth or grain yield.
MATERIAL AND METHODS
The experiment was performed under field conditions at the Experimental Farm of the São Paulo State University (Unesp), Campus Jaboticabal, São Paulo, Brazil, in 2013 /2015 , at 21°13´52˝ S 48°16´58˝ W, and 619 m asl. The yearly mean air temperature and total rainfall are 22°C and 1200 mm, respectively. The daily precipitation and average air temperature data during the experimental period are presented in Fig. 1 .
The soil is classified as Rhodic Haplustox sandy clay loam (Soil Survey Staff, Natural Resources Conservation Service, USDA, 2014) and chemical attributes in the 0-to 0.2-m depth prior to the start of the experiment were: pH (CaCl 2 ) = 5.5; organic matter = 19 g kg -1 ; P (resin) = 29 mg kg -1 ; K, Ca, Mg, CEC of 0.2, 3.6, 1.5 and 7.4 cmol c kg -1 , respectively. Clay and sand contents were 260 and 710 g kg -1 , respectively.
A 4×3×2 factorial scheme in a complete randomized block design with three replicates was used: four N levels (0, 50, 100, and 200 kg ha -1 N), three urea treatments (urea with urease inhibitor: NBPT; urea with nitrification inhibitor: DMPP; and conventional urea) and two application strategies: (a) total amount applied at sowing and (b) 30 kg ha -1 N applied during sowing and the remainder applied at the V4 (Ritchie et al., 1993) .
All treatments received 42 kg ha -1 K and 44 kg ha -1 P from potassium chloride and ordinary superphosphate, respectively, at sowing. At topdressing, 33 kg ha -1 K was applied in addition to N treatments. In the plots that did not receive N, only potassium and phosphorus fertilizers were applied.
Maize seeds (Dow 2B710 single hybrid) were hand sown at a seeding rate of 6.5 live seeds per meter square to achieve 65,000 plants per hectare. The total plot area was 27 m 2 with 0.90 m spacing. The central row was used to collect plant tissue samples, the remaining rows (13.5 m 2 ) were used to determine grain yield. Weeds were controlled by applying 2.0 L ha -1 glyphosate [N-(phosphonomethyl)glycine] across the whole area prior to starting the experiment. From sowing to harvest, weeds were hand picked every week, when necessary.
During the experimental period, readings were taken to evaluate the CI using a CFL 1030 digital chlorophyll meter (Falker, Porto Alegre, Brazil). These data were collected at silking (female inflorescence-R1), using 10 plants per plot, with each value being a mean of three readings per plant. The readings were performed in the middle third of the main spike leaf. The same leaves used for chlorophyll index readings were sampled and analyzed for Kjeldahl N.
In the R1 phenological stage, the leaf area of three plants in each plot was evaluated using the LI-3000C Portable Leaf Area Meter (LI-COR Environmental, Lincoln, NE). Only photosynthetically active and undamaged leaves (50% or more of green area and/or in its original state) were evaluated. The LAI was calculated using the equation: Grain yield was determined by manual harvesting followed by mechanized threshing of the grains from each plot. Subsamples of the grains were oven-dried at 65°C and the grain yields adjusted to 13% moisture for reporting. Also, a sample of grains was collected from each plot to quantify the mass of 1000 grains (moisture corrected to 13%).
The agronomic nitrogen use efficiency (AE) was calculated as described by Baligar et al. (2001) , using the equation: where G f is the grain yield of the fertilized plot (kg), G u is the grain yield in the unfertilized plot (kg), and N a is the level of N applied (kg). The data were analyzed with R 3.5.0 using the fat2.crd function from ExpDes package (Ferreira et al., 2014) . When P ≤ 0.05, polynomial regression analysis was performed for N levels using SigmaPlot version 11. Interactions that are not discussed were not significant (P > 0.05). Polynomial regression analysis was performed for leaf CI, leaf N concentration, LAI, and N levels with relative yield (%) to define the critical levels of each variable. The critical level was determined when relative yield reached 90% (Ulrich, 1978) . Grain yield and AE were presented as the mean of both years to suppress the effect of climate variability and to better represent the residual effect of treatments.
RESULTS

Climate
During the experimental period the mean temperature was considered usual for the season and climate of the region. The mean temperature was approximately 24°C, and ranged from 15 to 33°C. The cumulative rainfall in each year from sowing to harvest was 625 and 864 mm, respectively (Fig. 1) . In the first year, rainfall was 28% lower than in the second year, however, no effect between years was noted.
Chlorophyll and Leaf Nitrogen Concentration as Affected by Nitrogen Levels
The effect of N application rates on CI and leaf N concentration at the R1 growth stage during the 2013/2014 and 2014/2015 growing seasons is shown in Fig. 2 . The urea treatments and application strategies, and their interactions with N levels, had no significant effect on all parameters. However, CI and leaf N concentration were affected by an increase in N levels. Both presented quadratic responses, with maximum values reported at 275 and 183 kg ha -1 N, respectively.
Grain Yield and Agronomic Use Efficiency
Urea treatments and application strategies and their interaction with N levels had no effect on the mass of 1000 grains and grain yield (P = 0.090). However, there was a significant effect of N levels on grain mass. Their interaction was best represented by a quadratic adjust as N levels increased (y = 255.45-0.4x + 0.0007x 2 , R 2 = 0.92, P = 0.008), with a maximum mass of 1000 grains of 198 g at 285 kg ha -1 N.
Average grain yield was not affected by urea treatment or application strategy and their interaction (Table 1) . On the other hand, there was an increase in grain yield as N levels increased. A quadratic response was reported with a maximum average grain yield of 8.9 Mg ha -1 when 185 kg ha -1 N was applied (Fig. 3) . Agronomic use efficiency was not significantly affected by urea treatments, application strategy or any interaction (Table 2 ). However, there was a 55% decrease in AE when increasing N levels from 50 to 200 kg ha -1 N (Fig. 3) .
Relative Grain Yield and Critical Values
The critical levels of CI, leaf N concentration, LAI, and N are presented in Fig. 4 . Critical levels for CI and LAI measured at the R1 stage were 52.7 and 4.3, respectively. The critical level calculated from the N concentration of leaves used to measure CI at R1 stage was 27.5 g kg -1 . The N level necessary to achieve 90% of relative grain yield was 110 kg ha -1 N.
DISCUSSION
Climate
In the present study, rainfall was not evenly distributed throughout the crop cycle. There were periods of drought that preceded and coincided with the R1 stage. This most likely affected grain yield and the efficiency of the urea fertilizers, since available water during critical stages such as grain filling is well known to influence final yield (Mansouri-Far et al., 2010) and other factors such as N volatilization (Pan et al., 2016) . 
Chlorophyll Index and Leaf Nitrogen Concentration as Affected by Nitrogen Levels
As N forms part of the chlorophyll molecule, the increase in leaf N concentration directly influenced the CI readings (Elos et al., 2016) . This may also be related to grain yield, and the determination of the CI in the leaf has been suggested to predict the demand for N fertilization in maize topdressing (Piekkielek and Fox, 1992; Varvel et al., 1997; Masuka et al., 2012) . These readings might become an alternative to the conventional N analysis method (Varvel et al., 1997; Binder et al., 2000) . However, it is possible to predict relative yield with a certain level of accuracy. At the phenological stage R1, Sunderman et al. (1997) and Elos et al. (2016) found CI averages of 57.9 and 50.3, respectively, which is consistent with the values reported in the present finding (between 43 and 56) (Fig. 2) .
Regarding the concentration of N in the diagnostic leaf at the R1 stage, Sao Paulo State Agronomic Bulletin (Cantarella et al., 1996) considered concentrations from 27 to 35 g N kg -1 to be adequate. These concentrations in the present study were only reported at N levels above 100 kg ha -1 N (Fig. 2) , which might imply that levels of N lower than 100 kg ha -1 N can cause N deficiency and negatively affect grain yield. This may be because N positively influences cell production and leaf elongation rate (Volenec and Nelson, 1984; Skinner and Nelson, 1992; Schröder et al., 2000) .
Grain Yield and Agronomic Use Efficiency
The increased mass of 1000 grains with the increase in N levels might be due to the increase in leaf N and CI. These positive responses to N might have led to a longer period of physiologically active leaves and extended grain-filling period, favoring the formation of heavier grains. Filling and the weight of the grains are positively related to the cytokinin content in the spikelet. The synthesis and translocation of this hormone are greatly influenced by N (Taiz and Zeiger, 2010; Zhang et al., 2010) . Thus, with insufficient N, the amount of synthesized cytokinin decreases, negatively affecting grain filling and, consequently, grain yield.
The increase in mass of grains was similarly reflected in grain yield. Grain yield showed that increased N fertilization led to an improved environment in which the plants could synthesize, accumulate, and translocate photoassimilates from the leaves to the grains. As mentioned above, urea treatments had no effect on grain yield. This infers that losses were as low for urea as for urea+NBPT and urea+DMPP, as also reported by Rose et al. (2018a) , who suggested that climatic conditions play a major role in this pattern.
At the time of N topdressing ( Fig. 1) , soil moisture was low, especially in the first year of the study. This condition does not favor loss of N by volatilization since the activity of the urease enzyme is water dependent, and in dry soil, urea is slightly hydrolyzed (Cantarella et al., 2008; Rose et al., 2018b) . However, on the Table 2 . Analysis of variance for the effects of N levels, urea treatments and application strategies on agronomic efficiency, kg kg -1 . day of topdressing fertilization, there was a precipitation event of 18.2 mm in the first year and 10.0 mm in the second year, which incorporated the urea into the soil, and decreased potential NH 3 volatilization, as also mentioned by Rose et al. (2018a) . Ammonia losses from urea may be less than 1% if rainfall occurs immediately after fertilizer application (Kissel et al., 2004) . In the same way that the urease inhibitor did not produce superior results, the nitrification inhibitor was as efficient as untreated urea. Nitrogen nitrification and leaching losses occur at a higher intensity when a crop is sown in sandy soils and under high precipitation conditions (Jaynes and Colvin, 2006) , conditions that were not observed in the present study. Zerulla et al. (2001) observed that DMPP added to urea can inhibit the nitrification process for 4 to 10 wk, due to its low mobility in the soil. The texture of the soil where the experiment was performed might have influenced the efficiency of DMPP. The efficiency of this inhibitor was decreased in clay soils, as clay particles adsorb DMPP molecules, leading to a decrease in the effectiveness of the inhibitor against soil bacteria Menéndez et al., 2006) .
Maize grain yield was not affected by splitting the N application. Coutinho Neto et al. (2013) also reported no differences in growth and grain yield between different N fertilization strategies in similar edaphoclimatic conditions. Therefore, it can be implied that under these conditions, split N fertilization and the use of additives for maize production might be costly. Maize has a great capacity to respond to N fertilization.
Although this response did not differ between urea treatments and strategies in the present study, an increase in N level to 185 kg ha -1 N (Fig. 3) increased grain yield. Several previous studies have highlighted the importance of N to maize in relation to grain yield at a wide range of levels and in different environments (Hokmalipour and Darbandi, 2011; Jin et al., 2012; Liu and Wiatrak, 2012; Széles et al., 2012) . The importance of N supply to the plant was highlighted by Mansouri-Far et al. (2010) , as well as its efficient management, allowing a reduction in costs and prevention of environmental issues.
It should be noted that although maize has a great ability to respond to N fertilization it comes with a cost. When a certain level of yield is reached the response to fertilizer is small or nonexistent. This means that the amount recommended to obtain high yields does not always correspond to the amount that promotes gains in agronomic efficiency. These results are in agreement with Woli et al. (2016) , who, when evaluating N use efficiency in maize hybrids using levels up to 224 kg ha -1 N, observed that the N use efficiency decreased as N levels increased, since the supply of this nutrient exceeded the needs of the crop (Halvorson et al., 2004) .
Relative Grain Yield and Critical Values
Although there is a great variation in the response of different maize hybrids due to their nutritional demand, which varies not only from hybrid to hybrid but also in different stages and different edaphoclimatic conditions, the CI and leaf N concentrations found in the present work were consistent with previous studies. Other authors, using different hybrids in several climatic conditions, reported a critical CI ranging from 50 to 57 (Sunderman et al., 1997 , Elos et al., 2016 ) and a critical leaf N level from 27 to 35 g N kg -1 (Cantarella et al., 1996) . Both critical levels for these variables were found in the present study in the range of values considered ideal for grain yield, and, since they were measured at the R1 stage, they might represent a useful tool with which to predict yield at earlier stages of growth. Valentinuz and Tollenar (2006) , Amanullah et al. (2007) , and Hokmalipour and Darbandi (2011) observed an increased LAI with increased N levels and is in agreement with our findings. The increase in maize yield with LAI must range from 4 to 6 m 2 m -2 to reach 90% relative yield, according to results obtained in the American Corn Belt (Nguy-Robertson et al., 2012) . The critical LAI of 4.3 m 2 m -2 , found in this study, was within this range. Some experiments have shown that a LAI from 3 to 4 m 2 m -2 may be sufficient to achieve satisfactory grain yields (Lindquist et al., 1998) ; however, in the present study and results from Amanullah et al. (2007) indicated that, satisfactory yields were only achieved when LAI was 4.59 m 2 m -2 .
It is important to highlight that it might be more viable, agronomically, to consider the critical level as an optimum N level rather than the maximum grain yield level. As previously discussed, above 90% relative yield, little or no increment in response is noted with an increase in N levels. Therefore, increasing the amount of N applied to reach a maximum yield would not only increase N losses and costs but might also have a major negative impact on soil and air pollution.
CONCLUSIONS
Conditions such as those observed in both years did not alter the crop response to N fertilization, regardless of its timing of application or whether urea was treated with NBPT or DMPP. However, N levels had consistent effects on growth and yield parameters, which have been little explored under tropical conditions. In summary, we recommend that since urea treatments and application strategies had no significant effect grain yield, N should be applied in a single application at sowing with 110 kg ha -1 N from urea, under the present conditions.
